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Fatigue crack initiation and growth in a 35CrMo4 steel investigated by infrared thermography

A B S T R A C T
The present work is devoted to the investigation of fatigue crack initiation and growth in middle-cycle fatigue (∼10 5 cycles). Smooth specimens made of 35CrMo4 quenched and tempered steel were loaded in fully reversed plane bending. Temperature field evolution in time was recorded with an infrared camera. The experimental results show that the local heating of metal under fatigue loading is a sensitive and accurate enough manifestation of small fatigue crack initiation. It is shown that the time evolution of the spatial standard deviation of the temperature field can be used to investigate the damage localization and to monitor both the crack initiation and the current location of the fatigue crack tip. This should help to investigate the behaviour of defect during cyclic loading.
Keywords crack growth; crack initiation; infrared thermography; middle-cycle fatigue.
I N T R O D U C T I O N
The evolution of microstructure in metallic materials under cyclic loading has been the object of intensive studies during the last century. It has been shown that the fatigue of metal is accompanied by the appearance of specific dislocation patterns such as veins or channel structures, persistent slip bands-matrix structures, labyrinths or shell structures. 1 This evolution simultaneously involves a great number of strong nonlinear interactions of defects at different scales. These phenomena lead to a specific change of the macroscopic material response. The description of these interactions requires both detailed theoretical investigation of the nonlinear laws of defect kinetics and the development of new experimental techniques. Based on the statistical physics approach, Naimark proposed a powerful way 2 to obtain the nonlinear kinetic equations for defect density. To progress in the development of this approach and to identify additional constants in the constitutive equations, a detailed investigation of the processes of plastic deformation, damage and failure is strongly needed. Any phenomenon of localization, for example, plastic deformation in persistent slip bands or damage localization such as fatigue crack initiation, induces a heterogeneous distribution of heat sources on the surface of a specimen Correspondence: Thierry Palin-Luc. E-mail: thierry.palin-luc@lamef.bordeaux. ensam.fr that makes it interesting to investigate the infrared radiation from the surface. In recent years, progress in the development of new infrared cameras allows us to use infrared thermography as a powerful, non-destructive and non-contacting technique for the investigation of the fatigue behaviour of materials.
First, observations of temperature evolution by different experimental techniques are presented in Refs [3] and [4] . It was shown that infrared thermography could be considered as an efficient way to estimate the fatigue properties of materials and structures. A technique for a fast estimation of the endurance limit of metals was proposed in 1986 and called the Risitano's technique. 5, 6 This approach was also applied by Luong 7 and Blarasin et al. 8 Then, it has been developed to determine the whole S-N curve. 9 Differential infrared thermography was also used successfully to estimate the value of the stress intensity factors. 10, 11 This technique was adopted for fatigue crack tip localization and stress intensity factor estimation in Refs [12] and [13] based on the idea proposed in Ref. [11] . The present work is devoted to the investigation in middle-cycle fatigue (around 10 5 cycles) of the temperature heterogeneity, appearing with fatigue crack initiation, at the surface of smooth specimens made of 35CrMo4 quenched and tempered steel. The aim of this paper is to find an appropriate technique for detecting in space and in time the plastic strain localization, initiation and propagation of small fatigue cracks by monitoring the characteristics of the temperature field on the specimen free surface.
E X P E R I M E N TA L P R O C E D U R E
Material and specimen
The material investigated is 35CrMo4 quenched and tempered steel, which has been already studied by Vivensang. 14 Its chemical composition is given in Table 1 . The heat-treatment procedure before specimen machining was as follows: 30 min at 850
• C, then quenched in oil, then 1 h at 550
• C, and then left in air to cool. After this treatment, the mean grain size was around 10 µm. 14 The microstructure consisted of fine tempered martensite. The mechanical properties of this steel under quasistatic monotonic tension are given in Table 2 . The specimens used to carry out the fatigue tests were machined from round heat-treated bars (external diameter 26 mm) and their geometry is illustrated in Fig. 1 . The theoretical stress concentration factor, K t , of these smooth specimens in bending is 1.05. 15 Before experiments, all the specimens were polished with emery paper and diamond powder up to grade 1 µm. All the fatigue tests were carried out in fully reversed sinusoidal plane bending with a resonant electrodynamic fatigue testing machine designed at ENSAM-LAMEFIP. The loading frequency was 56 Hz. The tests automatically stopped when the loading frequency decreased to more than ∼10% of the initial resonant frequency (undamaged specimen). This corresponded to a fatigue macrocrack size of several millimetres in depth. 11.5 * The size of the corresponding image region on the specimen is dependent on the camera lens. Two lens are now available in our laboratory for the IR camera: the first with a focal distance of 50 mm has a spatial resolution of 0.14 mm for a specimen at 200 mm, the second with a magnification (x1) has a special resolution of 25 µm, the picture size is around 9 mm × 7 mm. †Maximum frequency to take IR pictures (the shortest delay between two IR picture is 1/500s). ‡NETD: Noise Equivalent Temperature Difference. This is the thermal resolution, i.e. the smallest temperature difference which can be measured without numerical treatment like the mean value. * * Number of bits used to digitalize the thermosignal.
Infrared (IR) recording conditions
During the fatigue tests, an infrared camera (CEDIP Jade III MWR) was used to record the temperature field evolution on the specimen surface. The main technical characteristics of this camera are as follows: spectral range 3-5 µm, maximum picture size * 320 × 240 pixels, maximum framing rate † 500 Hz, NETD ‡ < 25 mK at 300
• K and digital conversion * * 14 bits. To increase the surface emissivity properties, the specimen surface was painted in black (matt paint) after polishing. The lenses of the IR camera were not located exactly perpendicular to the specimen surface. Indeed, to avoid any parasitic reflections coming from the specimen surface, the IR camera was located so that there was a small angle (a few degrees) between the normal vector to the specimen surface and the camera axis. Furthermore, a matt black piece of material was put over and all around the setup (Fig. 2 ) to reduce artefacts due to external radiative heat sources. The concave surface of the specimen given in Fig. 1 was observed with the IR camera. Because of the large radius (R = 40 mm), the theoretical stress concentration factor is close to one; thus the normal stress distribution is almost uniform on the area monitored on this face. The duration of each experiment presented hereafter was between 20 and 25 min. During this short duration, the room temperature changed very slowly and with a low magnitude range (<0.5
• C). For longer tests, it is necessary to use an unloaded reference specimen located close to the tested one. All the IR data presented in this paper were recorded with the synchronized mode of the camera. It means that all the pictures of a film were recorded when the bending moment was maximum.
Treatment of IR data
Damage localization and fatigue crack initiation should be accompanied by a non-uniform temperature field at the specimen surface. This property was investigated by computing the spatial standard deviation of the temperature (SDT) field using the following procedure. The IR data were treated a posteriori, i.e. after the fatigue test, when macrocrack initiation had been detected by the resonance frequency drop of the testing machine. Several j spatial areas were chosen such that each area contained several points Z(x i , y i ) (pixels-from 9 to 100-on the picture) where the temperature was known at each time t k . This thermo-signal can be written as the sequence:
The Standard Deviation of Temperature in j , denoted by SDT j , was computed through Eq. (1) by employing the IR experimental data obtained for the N p points in j 16 (observation window of the IR camera projected on the specimen surface):
is the spatial mean value over j of the temperature at time t k . An example 
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Step IV Step II Step I of five spatial areas ( 1 to 5 areas) is shown in Fig. 3 with typical temporal evolution of the standard deviation SDT. These areas are defined by four circles around the hot spot with the following diameters: 0.6, 1, 1.5, 2 and 2.5 mm, and one circle far from the hot spot (top of the picture Fig. 3a ). Figure 3 shows the evolution of the SDT as a function of time during the last 123 s of a specimen life (loaded at a stress amplitude of 650 MPa; the total life is 83 300 cycles or ∼1500 s) for five different area sizes. For the four curves related to the four areas around the hot spot (circles in the middle of Fig. 3a ) the peak shape is the same. The shape of the curves tends to a common smooth curve (without any peak) elsewhere (far from the hot spot) as illustrated by the curve in Fig. 3b related to the small area (circle) at the top of Fig. 3a . Four main steps with two knee points can be identified as illustrated in Fig. 3c :
E X P E R I M E N TA L R E S U LT S
The SDT is stable, the temperature field is homogeneous, independent of the area of investigation. It has to be noticed that the first knee point is observed before the sharp change in the resonance frequency of the fatigue testing machine. The knee-point shape of this curve is discussed in detail later. Nevertheless, one can say that this phenomenon identifies the beginning of the correlation behaviour between the adjacent points in the temperature field and the thermal behaviour of the hot spot. Indeed, SDT is nothing else but a measure of the difference between the thermal behaviour of each pixel and the mean value of the temperature field over all the investigated area. One can suggest that the collective behaviour of the points is the consequence of small fatigue crack initiation in the investigated area. It is useful to discuss this in the study of the temperature pattern evolution. Figure 4 presents several frames from the last 2500 cycles of an experiment at a stress amplitude of 650 MPa (this stress exceeds the endurance limit of the material). The total lifetime was 83 300 cycles up to the automatic detection of a macrocrack by the testing machine. The size of the area investigated was 2.8 × 5.5 mm. The pictures on the right in Fig. 4 are the cross sections of the temperature profile along the lines drawn in the left-hand pictures. The temperature distribution allows us to conclude that we observe the initiation (a), propagation (b) and jump (c) of a fatigue crack. More precisely, the process is called 'crack jump' when a hot spot corresponding to the current crack tip stops, and a second hot spot is detected at a short distance (about 1 mm). Then the temperature of Step III Step II Step I
Step IV Fig. 7 Schema of the fatigue crack and process zone location, the investigated area and the SDT temporal evolution.
the first spot decreases and the temperature of the second one increases, as is shown in Fig. 4c . The crack path with the crack jump, corresponding to the IR picture in Fig.  4c , is illustrated by the SEM picture in Fig. 5 .
To clearly illustrate a connection between the SDT evolution versus time and the position of the area under investigation, four areas (small rectangles) were located as shown in Fig. 6 , and the temporal evolution of the SDT in these zones was analysed. These areas are on the righthand side of the crack tip, which is moving from the right to the left through the four areas. The picture represents the last 140 s (7840 cycles) of the specimen life. Before this period, we could not detect significant changes in the slope of the SDT curve. The arrangements of small areas in Figs 6a-c were fixed in space, and the analysis allows the following conclusions as illustrated with a schema in Fig. 7: r When there is no fatigue crack, the SDT is very low and stable (the temperature field is homogeneous).
r The SDT increase (Step II) can be due to two phenomena: fatigue crack initiation in the area investigated or crack propagation of an existing crack towards this area.
r An SDT decrease (Step III) is observed when the area of observation is smaller than the hot-spot size, and/or when the entire process zone in front of the crack tip is inside the investigated area.
r The SDT sharply increases when the crack-tip propagates outwards the area investigated.
In order to give a better understanding of the connection between the current crack-tip position and the SDT evolution, a one-dimensional analysis is presented in the following section.
D I S C U S S I O N
As a result of our investigation, infrared thermography seems to be a promising technique for detecting fatigue crack initiation and monitoring fatigue crack tip location. But the most interesting question is related to the smallest size of detectable defect. We can reformulate this question as: Is it possible to use the infrared thermography as a technique for the prediction of fatigue crack initiation through the detection of fatigue crack precursor? To answer this question and to justify our previous explanations, let us consider a one-dimensional problem consisting of a hot spot centred at x 0 abscissa according to Eq. (2):
This hot spot is characterized by δ(t): the full width at half maximum of the function given equation (2) 
, and a = b. In our case δ = 2 ln(2), and is time independent. It is assumed now that this hot spot is moving, as a stable fatigue crack, while the observation window is fixed in time. In the first approximation, the hot spot centre displacement is assumed to be linear (left-hand side of Eq. (3)). The stress increases at the crack tip due to the crack growth and, as a consequence of thermoelasticity, the temperature also increases. In order to observe the effect of a temperature increase on the SDT, the temperature rise is considered to evolve linearly with time (very slowly), as is described by Eq. (3):
The temperature field (one dimension here) is then observed in a window limited by the [a,b] segment centred in c = (a + b)/2 and of width l = (b − a). From Eqs (2) and (3), the mean temperature and SDT computed over [a,b] are given in Eqs (4) and (5), respectively:
where fixed hot spot in position and in time and a centred window (T β (t) = T β0 , x 0 (t) = x 0 ). It shows that the sensitivity of SDT is maximum when the observation window width is equal to approximately three times the full width half maximum of the hot spot. This means that for practical applications, the observation window should not be too small but proportionate to the hot-spot sizes to be measured. In our case, typical hot-spot sizes are of approximately 1 mm (hot spots are not very sharp due to heat conductivity), thus the observation window width has to be equal to approximately 3 mm. Figure 9 shows the influence of the window width l on the SDT evolution when the hot spot evolution is described by Eqs (2) and (3). According to this figure, the shape of the SDT versus time curves is independent of the window width, as is also observed in experiments in Fig. 3b . In our simulation, the first knee point corresponds to the beginning of the hot spot coming into the observation window. One can notice that the minimum of each SDT(t) curve occurs at the same time. This corresponds to the instant at which the hot spot location coincides with the centre of the observation window. The shape of the SDT simulation is in agreement with the observation up to the second increase just after the local minimum. In the experiments, the second maximum is not observed. One possible reason is that the onedimensional simulation is too simple. Indeed, in practice, the temperature distributions behind and in front of the crack tip are very different. In particular, the presence of a material discontinuity (crack) behind the crack tip generates strong emissivity perturbations on the specimen surface. This induces discontinuities in the temperature field that create a very heterogeneous temperature field and is responsible for the sharp SDT increase. Figure 10 illustrates the SDT simulation for three windows with the same width l = δ, and the distance between each centre equal to 1.5 δ. The shapes of the SDT curves are identical to those of the observed curves shown in Fig. 6 . The minimum of SDT(t) is appearing at three different instants showing that this technique could be used in future to measure-after a fatigue test-the mean crack tip (hot spot) velocity between different observation windows, even if the load history is random.
C O N C L U S I O N A N D P R O S P E C T S
In our tests on smooth specimens in 35CrMo4 steel, damage localization, fatigue crack initiation and jumping-like propagation have been observed using an infrared camera. An indicator has been proposed to monitor the crack initiation: the temporal evolution of the spatial SDT. The SDT evolution has been correlated with some fatigue crack initiation and propagation features. It has been shown that a sudden increase of the SDT corresponds to crack initiation in the area investigated. This particular point could be used in the future to develop a new technique for real-time early detection of fatigue crack initiation. This will be possible when computer speeds are high enough to compute in real time the SDT(t) curves from the IR data, and compare them with a threshold value. Moreover, it has been proposed that the computation of the SDT evolution could be used to monitor fatigue crack propagation. This could be remarkably interesting in cases where other techniques, such as compliance or potential drop techniques, cannot be used.
Infrared techniques have been used by several authors [5] [6] [7] [8] [9] to estimate the fatigue limit and the endurance limit of metals. However, in order to progress our understanding of the influence of fatigue damage and fatigue crack initiation (linked with heat sources appearance) on the temperature field (analysed by IR thermography) on the specimen surface, further experimental investigations have to be carried out. They should couple the infrared monitoring and microstructural investigation of the specimen surface by using, for instance, interrupted fatigue tests and SEM observations. The theoretical study should also progress in the description of thermo-micromechanical process in the material and in the division of the energy absorbed by the specimen into two parts (heat dissipation and stored energy). Such investigations could be useful to connect material defect evolution (persistent slip bands, intrusionextrusion,. . .), such as predicted in Ref. [17] , with local thermal non-uniformity. The main difficulty will be to distinguish data from experimental noise. The first attempt was done with a specific algorithm from chaos theory. 16 
